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Abstract A fundamental goal in invasion ecology is
to identify and understand the factors explaining why
some alien species become invasive when others fail.
In this study we gathered data on taxonomy, invasive
status, invasion history, geographic distribution, and
biological and ecological traits of 1,032 alien plant
species occurring on different habitats in Puerto Rico
and the Virgin Islands. These data were used to
evaluate the relative importance of habitat and species
attributes in influencing the likelihood of alien plants
to become naturalized and subsequently invasive on
these islands. Our results showed that alien species
were more likely to become naturalized if they grow in
semi-natural habitats, have large native distribution
ranges, long residence time, were introduced for
horticulture and have mixed breeding systems. On
the other hand, naturalized species were more likely to
become invasive if they were introduced for horticul-
ture, behave as weeds, have tolerance to different
climatic life-zones, thrive in ruderal habitats, have
mixed breeding systems with hermaphroditic flowers,
reproduce vegetatively and produce small seeds.
Whereas some of these parameters were important
for both transitions, others were important for either
naturalization or invasion. Overall, our results empha-
size the importance of studying different stages of the
invasion process in order to understand the mecha-
nisms explaining successful invasions rather than
baseline approaches of simply comparing invasive
with natives or noninvasive alien species. Understand-
ing the process by which alien species become
naturalized or invasive could provide a more objective
and accurate approach for managing and predicting
biological invasions.
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Introduction
Biological invasions are considered one of the major
threats to the conservation of biodiversity (Mack et al.
2000; Levine et al. 2003; D’Antonio et al. 2004). At a
global scale, plants are among the most widespread
invasive organisms as they are frequently introduced
for agriculture, agroforestry and ornamental purposes
(Daehler 2003; D’Antonio et al. 2004; Pysˇek et al.
2012). After introduction, the progression of alien
plants along the entire introduction-naturalization-
invasion continuum, involves the interplay of different
biotic and abiotic factors (Richardson et al. 2000;
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Catford et al. 2009). Factors contributing to the
successful invasion of alien plants include geograph-
ical location, climate and socio-economic conditions
(i.e., human density and degree of urban development)
and species traits influencing the ability of alien plants
to survive, reproduce, disperse and interact with
resident species (Higgins and Richardson 1999; Davis
et al. 2000; Rejma´nek 2000; Pysˇek and Richardson
2010; Richardson and Pysˇek 2012).
Worldwide, insular biomes are considered more
vulnerable to invasions than continental ecosystems
as they host higher numbers and densities of alien
species than equivalent mainland communities
(D’Antonio and Dudley 1995; Simberloff 1995;
Rejma´nek 1996; Simberloff 2000; Denslow 2003;
Denslow et al. 2009). For example, the number of
naturalized alien plants recorded on oceanic islands
is almost twice the number of those recorded in
similar sized patches on mainland with approxi-
mately the same number of native species (Sax
et al. 2002). The high rates of ‘‘invasibility’’ and
naturalization of alien plants on islands have been
traditionally explained by inherent features of
islands such as their geographical and historical
isolation. Accordingly, insular ecosystems are con-
sidered areas with disharmonic and unsaturated
floras with poorly competitive species, low pest
pressures and missing important functional groups
which are factors that would provide few barriers
to the establishment and naturalization of alien
plants (Rejma´nek 1996; Mack et al. 2000). How-
ever, these assumptions are rarely supported by
empirical data, leading other studies to postulate
that small territories, reduced extension of habitats
and small population sizes could be responsible for
the high invasibility of islands (Simberloff 2000
and references therein).
Puerto Rico and the Virgin Islands (hereafter PRVI)
are located in the Caribbean region, one of the most
important biodiversity hotspots in the world (Myers
et al. 2000). Caribbean Islands are considered areas
with high priority for conservation due to their
biological richness, high levels of endemism ([70 %
for seed plants; Acevedo-Rodrı´guez and Strong 2012)
and high levels of anthropogenic disturbances (Mit-
termeier et al. 1998; Myers et al. 2000). Despite their
biodiversity relevance, during the last century PRVI
have been subjected to extensive deforestation and
massive degradation of their natural environments
through agricultural activities (i.e., sugarcane and
coffee plantations; Maunder et al. 2008). By the 1940s,
Puerto Rico had lost more than 90 % of its original
forest cover and only about 1 % of the original forest
remained unmodified (Lugo 2004). A shift in the
economy from agriculture to manufacturing after the
1950s led to the abandonment of agricultural lands and
to an increase in secondary forest cover. By the 1990s
more than 30 % of the island was covered by
secondary forest representing the largest event of
forest recovery recorded anywhere in the world (Aide
et al. 1995; Franco et al. 1997; Lugo 2004). Similar
patterns of environmental degradations and subse-
quent abandonment of agricultural fields have also
been described for the Virgin Islands (Acevedo-
Rodrı´guez 1996). Overall, high population densities
(island mean = 340 people per km2), high urbaniza-
tion rates and accelerated socio-economic changes
have resulted in major alterations in the landscape and
biodiversity on PRVI (Lo´pez del Mar et al. 2001; Lugo
2004).
Although PRVI have one of the best available data
on alien flora within the Caribbean region (Liogier and
Martorell 1982; Acevedo-Rodrı´guez and Strong
2012), a compressive inventory of alien plants as well
as an assessment of the factors influencing invasive-
ness and invasibility are still lacking for these islands.
Studies using checklists and databases to categorize
alien species into objective defined groups such as
casual, naturalized and invasive are extremely valu-
able for understanding invasion processes (Pysˇek et al.
2004; Cadotte et al. 2006). Such comprehensive
databases provide the necessary baseline information
and are essential tools for the management of biolog-
ical invasions through early detection and rapid
response (Khuroo et al. 2012). Within this context,
the main goals of this work were to: (1) generate a
comprehensive database for the alien flora of PRVI
containing taxonomical information, residence time,
invasion history, invasion status, life-cycle traits and
habitat preferences, and (2) use all this information to
identify and evaluate the factors influencing the
likelihood of naturalization and the invasion success
of alien plants in PRVI. We expect that understanding
why some alien species become naturalized and
invasive while others fail to do so would be crucial
in designing appropriate management and conserva-
tion strategies to control and mitigate the impact of
invasive plants on these islands.




The study area includes l5 islands located in the
Puerto Rican archipelago and integrates the polit-
ical units of Puerto Rico (Puerto Rico, Culebra,
Vieques, Caja de Muerto, Icacos, Pin˜eros, Mona,
and Desecheo), the American Virgin Islands (St.
Croix, St. John and St. Thomas) and the British
Virgin Islands (Anegada, Tortola, Josh Van-Dyke
and Virgin Gorda). Together, these islands cover an
area of about 960,330 ha (Heatwole et al. 1981).
The majority of the islands within the Virgin
cluster (except St. Croix) lost their connection with
Puerto Rico and among themselves only about
8,000–10,000 years ago as a result of rising sea
levels. Climate on PRVI is tropical and predomi-
nantly maritime with slight seasonal variation in
temperature along the year. Rainfall is highly
seasonal with a dry season taking place between
December and April followed by a wet season
between May and November coinciding with the
Atlantic hurricane season (Daly et al. 2003).
Database of alien plants in Puerto Rico and Virgin
Islands
The dataset presented here includes all alien plant
species recorded for PRVI in Acevedo-Rodrı´guez
and Strong (2012), specimens at the U.S. National
Herbarium, and botanical surveys, original articles
and checklists published since 1535 (Table 1).
Using this information, we created a preliminary
list encompassing 1,147 alien species. After remov-
ing species with unreliable records, hybrids and
species that occurs exclusively in human-made
habitats (i.e., croplands and gardens), the list was
reduced to 1,032 species. A total of 22 parameters
including information on taxonomy, geographical
distribution, invasion history, and biological and
ecological species attributes were evaluated for
each species. All parameter definitions are given in
Table 1. To facilitate comparison with databases on
alien plants from other regions, we followed the
parameters and definitions suggested by Richardson
et al. (2000) and Pysˇek et al. (2004).
Parameters determining naturalization
and invasion success
We used a generalized linear modeling approach
(logistic regression; binomial GLM with logit link)
to identify and evaluate the parameters influencing
the likelihood of an alien plant to become natural-
ized and invasive in PRVI. In a first analysis we
determined the parameters distinguishing casual and
naturalized species, while in a second analysis we
determined the parameters distinguishing natural-
ized and invasive species (Richardson and Pysˇek
2012). In the first analysis, species scored 1 if they
were naturalized or 0 if they were casuals. In the
second analysis species scored 1 if they were
invasive or 0 if they were naturalized (Milbau and
Stout 2008). To fulfill logistic regression assump-
tions, parameters were recoded as dichotomous
variables. To avoid problems of multicollinearity,
correlated parameters (i.e., perennial life-spam and
vegetative propagation) were not included together
in the analyses. Because logistic regression assumes
a non-linear model, full datasets and large number
of observations per each variable included in the
model are necessary to achieve accurate results
(Menard 2002). Therefore, we used only those
parameters with records for at least 600 species
(Table 2). In addition, because we had a large set
of parameters (potential explanatory variables) for
each analysis, we searched for the best-fit (mini-
mal) model that includes only significant variables
and interactions. The best-fit models were selected
using the Akaike Information Criteria (Menard
2002; Milbau and Stout 2008). Once models were
obtained, we checked for the presence of significant
interactions between explanatory variables. Finally,
odds ratios were calculated for significant variables
as the ratio of the probability that an alien species
were successful in the naturalization or invasion
process to the probability of failure. Odds ratios
can take values of from 0 to infinity, whereas
values \1 represent a decrease in success proba-
bility and values [1 represent an increase in
success probability per unit increase of the variable.
Greater departure from 1 indicates a stronger
relationship between the variable and the response
(Milbau and Stout 2008).
Alien plants in Puerto Rico and the Virgin Islands 151
123
Table 1 Description of the parameters included in the database of alien plant species for Puerto Rico and the Virgin Islands
Parameters Description
Species identity
Genus According to Acevedo-Rodrı´guez and Strong (2012)
Species According to Acevedo-Rodrı´guez and Strong (2012)
Family According to Acevedo-Rodrı´guez and Strong (2012)
Invasion history
Invasion status Casual (alien plants that may flourish and reproduce occasionally outside cultivation, do not form self-
replacing populations, and rely on repeated introductions for their persistence), naturalized (alien
plants that sustain self-replacing populations for at least 10 years without direct intervention by
people and are capable of independent growth) and invasive (naturalized plants producing
reproductive offspring, often in very large numbers, at considerable distances from the parent plants,
with the potential to spread over a large area; Richardson et al. 2000)
Year of introduction Based on the first record of the species in the wild (Pysˇek et al. 2004)
Abundance Rare, occasional, frequent, dominant
Type of introduction Intentional (species deliberately planted in the wild or in human-made habitats), unintentional
(contaminants, stowaways, and accidental introductions), escaped (species introduced intentionally
and later escaped from cultivation). Modified from Pysˇek et al. (2011)
Planting purposes E.g., ornamental, food, forage, agroforestry, medicinal, timber tree
Economic weed Yes/No; is the species a weed (plants growing in sites where they are not wanted and which have
detectable economic impact; Richardson et al. 2000; Pysˇek et al. 2004) in agriculture, pastures,
nurseries (Ma´s and Lugo-Torres 2013)
Habitat and geographic distribution
Native range Geographic distribution where native. Modified from Weber (2003) as: Africa, Asia, Europe,
Australia-Pacific, North America, Central America, South America, West Indies
Island occurrence Species occurrence in PR = only in Puerto Rico, VI = only in the Virgin Islands, PRVI = both
Habitat strategy Yes/No; species occurrence in agricultural (traditional agriculture lands), ruderal (human-made
habitats, excluding agricultural), semi-natural (low to medium disturbed areas, including secondary
forest), and mature forest (very low disturbed areas). Modified from Lloret et al. (2005)
Invaded life zones Yes/No; species occurrence in the life zones described for Puerto Rico and the Virgin Islands. Life
zones according to Ewel and Whitmore (1973): dry forest, moist forest, wet forest, rain forest, lower
montane wet forest, lower montane rain forest
Biological and ecological traits
Life-form Grass, herb, aquatic herb, shrub, tree, vine
Life-span Annual, biennial, perennial
Reproduction type Hermaphrodite, monoecious, dioecious, gynomonoecious, andromonoecious, polygamous
Breeding system Selfing (species rely almost exclusively on apomixis or autonomous self-pollination) outcrossing
(species rely almost exclusively on cross-pollination), mixed (selfing ? outcrossing)
Pollination type Animal, wind, water, unspecialized
Fruit type Achene, berry, capsule, caryopsis, cone, drupe, dry, fleshy, follicle, legume, nut, nutlet, samara,
syncarp, utricle
Seed size Five size categories: 1 = very small (\1 mm), 2 = small (1–2 mm), 3 = medium (2–5 mm),
4 = large (5–10 mm), 5 = very large ([10 mm)
Dispersal mode Animal, humans, wind, water, unspecialized
Vegetative propagation Yes/No
Information for each species was obtained from herbarium collections and the literature
Main sources of literature consulted: Ferna´ndez de Oviedo (1535), Eggers (1876, 1879), Bello (1881, 1883), Stahl (1883–1888),
Urban (1898–1928), Britton and Wilson (1923, 1926), Garcı´a-Molinari (1952), Liogier and Martorell (1982), Liogier (1985–1997),
Kairo et al. (2003), Acevedo-Rodrı´guez (2005), Acevedo-Rodrı´guez and Strong (2005), Axelrod (2011), Acevedo-Rodrı´guez and
Strong (2012), Ma´s and Lugo-Torres (2013), PLANTS Database (USDA-NRCS: http://plants.usda.gov), Germplasm Resources
Information Network (USDA-ARS-GRIN: http://www.ars-grin.gov/)
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Results
Species richness and abundance
The alien flora in PRVI consists of 1,032 species,
represented by 117 families and 581 genera, and
contributes to 32.3 % of the total flora found on these
islands. Regarding the invasion status, we classified
392 species (38 %) as casuals, 463 species (44.9 %) as
naturalized and the remaining 177 species (17.2 %) as
invasive (Fig. S1 in ESM). Although the number of
casual, naturalized and invasive species occurring
only in Puerto Rico are considerably higher than those
occurring only in the Virgin Islands, both archipelagos
shared 96 casuals (24.5 % of all casuals), 224
naturalized (48.4 % of all naturalized) and 122
invasive species (68.9 % of all invasive; Fig. S2 in
ESM).
The families with the largest number of alien species
in PRVI are Fabaceae (131 species representing
12.7 % of all alien plant species in PRVI), Poaceae
(119 species representing 11.5 %), and Asteraceae (54
species representing 5.2 %; Fig. 1a), all three contrib-
uting to 29.4 % of all alien species. A total of 32
families (27.4 %) were represented by only one species
(Table S1 in ESM). The genera Citrus (12 species),
Digitaria (11 species), Solanum (10 species), Bambusa
(10 species) and Hibiscus (10 species) were the most
diverse, while 386 genera (63.3 %) were only repre-
sented by one species. We also found that 55 out of the
117 families of alien plants included at least one
invasive species. The family with the highest number
of invasive species was Poaceae (35 species) followed
by Fabaceae (29 species), Asteraceae (9 species) and
Acanthaceae (8 species; Fig. 1a). Among the invasive
species listed for PRVI, Antigonon leptopus, Epiprem-
num pinnatum, Leucaena leucocephala, Megathyrsus
maximus, Oeceoclades maculata, Pueraria phaseolo-
ides, Spathodea campanulata, Syngonium podophyl-
lum, Syzygium jambos, Thunbergia alata and Urochloa
Table 2 Parameters used in the binomial GLM logistic regression model to identify parameters explaining the successful transitions
from casual to naturalized and from naturalized to invasive for alien plants in Puerto Rico and the Virgin Islands
Parameters Variable Description Records
Invasion history
Year of introduction Continuous First record of the species in the wild 612
Type of introduction (horticulture) Dichotomous (yes, no) Introduced intentionally for horticulture
(i.e., fruit-trees, ornamentals, and
ground cover species)
635
Economic weed Dichotomous (yes, no) Weed in agriculture, pastures, nurseries, etc. 642
Habitat and geographic distribution
Native range Continuous Number of geographic areas (continents)
where native
642
Habitat strategy (ruderal) Dichotomous (yes, no) Occurrence in ruderal habitats 642
Habitat strategy (semi-natural)a Dichotomous (yes, no) Occurrence in semi-natural habitats 642
Life zones incidence Continuous Number of life zones where the species occurs 642
Biological and ecological traits
Hermaphrodite Dichotomous (yes, no) Presence of hermaphrodite flowers
Breeding system (mixed) Dichotomous (yes, no) Species with capability for self-pollination
? outcrossing
610
Pollination type (wind) Dichotomous (yes, no) Flowers pollinated by wind 620
Pollination type (animal)a Dichotomous (yes, no) Flowers pollinated by animals 620
Seed size Dichotomous (yes, no) Presence of seeds greater than 5 mm 640
Dispersion (wind) Dichotomous (yes, no) Seeds dispersed by wind 625
Dispersion (animal)a Dichotomous (yes, no) Seeds dispersed by animals 620
Vegetative propagation Dichotomous (yes, no) Presence of clonal and vegetative growth 628
a Variables used modeling the transition from casual to naturalized
Alien plants in Puerto Rico and the Virgin Islands 153
123
Fig. 1 Classification of the
alien flora of Puerto Rico
and the Virgin Islands
considering: a the 15 most
numerous families ranked
according to the number of
alien species, b life-forms
and c life-span categories
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mutica are some of the most conspicuous in terms of
abundance (Table S2 in ESM).
Life-forms
The alien flora of PRVI is quite diverse in terms of life
forms with 29.3 % of them being herbs, 26.3 % trees,
16.2 % shrubs, 12.5 % vines, 11.5 % grasses and
4.3 % succulents or aquatic herbs (Fig. 1b). As to the
invasive status, herbs, trees and shrubs were the most
frequent life-forms among casual and naturalized
species (Fig. 1b). Species listed as invasive were
mostly herbs, grasses and trees (Table S2 in ESM).
Most alien species (81.1 %), regardless of their
invasive status, were found to be perennials, while
annuals and biennials accounted for 18.7 and 0.2 %
respectively (Fig. 1c). Only two biennial species
(Cynoglossum amabile and Cynoglossum zeylanicum)
were listed in the alien flora of PRVI and both are
naturalized species.
Reproductive strategies
The majority (77.8 %) of the alien plant species in
PRVI are hermaphrodites with capability for outcross-
ing and mixed breeding system. The number of species
rely almost exclusively on selfing (i.e., apomixes and
autonomous self-pollination) is very low (Fig. 2a). For
most casual (248 species), naturalized (346 species)
and invasive species (107 species), pollination is
primarily mediated by animals and to a lesser degree
by wind (Fig. 2b). This result suggests that most
species, regardless of their invasion status, require a
pollen vector to ensure pollination and seed-set.
Propagule dispersion for most species (casual: 170
species, naturalized: 274 species and invasive: 117
species) was primarily unspecialized followed by
wind-dispersal and animal-dispersal (Fig. 2c).
Invasion history and geographic distribution
Our data suggest an accelerated increment in the
cumulative number of alien plant species since 1875.
Fifty-one percent of all alien species (534 species)
were first recorded between 1875 and 1924, while 362
species (34.5 %) after 1925 (Fig. 3). Seventy-one
percent of the species considered invasive on these
islands (121 species) have a long residence time as
they were introduced between 1875 and 1925 (Table
S2 in ESM). Regarding the type of introduction, we
detected that 32.3 % (333 species) of all alien species
were intentionally planted into wild ecosystems,
58.7 % (606 species) have escaped from cultivation
and 6.9 % (71 species) are the result of unintentional
introductions (i.e., stowaway or contaminants). Our
analysis also shows that the majority of the alien
species (50.8 %) were deliberately introduced as
ornamentals (although not always exclusively). Other
species were introduced for agriculture, forage, fodder
and timber production. As to the geographical distri-
bution, the majority of the alien species in PRVI are
native to continental America (49.9 % including
North, Central, and South America), followed by Asia
(36.7 %), Africa (22.5 %), Austro-Pacific Islands
(15 %), other islands of the West Indies (6.7 %) and
Europe (6.4 %).
Habitat preferences
Casual, naturalized and invasive species occurred in
all four habitats (i.e., agricultural, ruderal, semi-
natural and mature forest; Table 1) as defined in this
study (Fig. 4a). Ruderal habitats (i.e., human-made
habitats, excluding agricultural) host the highest
number of casual, naturalized and invasive species,
followed by semi-natural and by agricultural habitats
(Fig. 4a). Mature forests contain a considerably lower
number of casual (1 species), naturalized (12 species)
and invasive species (18 species) when compared to
the other three habitats. Species invading mature
forests in PRVI include Crassocephalum crepidioides,
Dissotis rotundifolia, Oeceoclades maculata, Scheffl-
era actinophylla, Syngonium podophyllum and Syzyg-
ium jambos (Table S2 in ESM).
Regarding the occurrence of alien plants in the six
different climatic life-zones described for PRVI
(Table 1), we found that 58 % of the alien species
only occur in one life-zone, 25 % occur in two life
zones, and a less than 17 % occur in three or more life-
zones. Casual, naturalized and invasive species occur
in all life zones, but were considerably more frequent
in moist and dry forests (Fig. 4b).
Parameters determining naturalization
and invasion success
The best-fit model for the naturalization of alien plants
in PRVI includes five parameters (Table 3). This
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Fig. 2 Classification of the
alien flora of Puerto Rico
and the Virgin Island
considering: a breeding
system, b pollination type
and c dispersal mode
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model was significantly different from the intercept-
only model (likelihood ratio v2 = 95.37; df = 5;
P = 0.001) and there was no evidence for a lack of
fit (Pearson v2 = 156.40; df = 492; P = 0.651;
41.1 % of the uncertainty explained by the model).
This model showed that alien species were more likely
to become naturalized if they grew in semi-natural
habitats, had large native distribution ranges, had a
long residence time in PRVI, were introduced for
horticulture and had a mixed breeding system. These
parameters are arranged in order of importance
according to the odds ratios (Table 3).
For the transition from naturalization to invasion,
we found that the best-fit model included eight
parameters. This model was significantly different
from the intercept-only model (Likelihood ratio
v2 = 76.64; df = 8; P = 0.001; Table 3) and there
was no evidence for a lack of fit (Pearson
v2 = 107.41; df = 404; P = 0.752; 44.6 % of the
uncertainty explained by the model; Table 3). Our
model suggests that naturalized species were more
likely to become invasive if they were introduced
for horticulture, behaved as weeds, occurred in
different life-zones, had a mixed breeding system,
hermaphrodite flowers, thrived in ruderal habitats,
showed vegetative growth and had small seeds
(\2 mm). These parameters are again arranged in
order of importance according to the odds ratios
(Table 3).
Discussion
The 1,032 species of alien plants reported for PRVI
represent about one-third of total plant diversity on
these islands. This proportion is relatively high when
compared to other islands of the Greater Antilles. For
instance, alien plant species represent about 12 % of
the total plant diversity in Cuba, 18.4 % in Hispaniola
and 21.4 % in Jamaica (Acevedo-Rodrı´guez and
Strong 2012; Gonza´lez et al. 2012). These differences
are even more noteworthy in PRVI as they are the
smallest land mass within the Greater Antilles.
In general, the origin and quantity of alien plants in
PRVI may be explained by historical and ecological
(but not exclusively) factors. First, the historic role of
Puerto Rico as a port of call for Europe-American
trading routes during the colonization expansion
(between 1500 s and 1890 s; Dietz 1986) facilitated
the introduction of numerous alien species, mostly
from continental America but also from Africa, Asia,
and Europe. Second, the extensive rates of human-
mediated disturbance to which natural ecosystems in
PRVI have been subjected. Previous studies have
Fig. 3 Temporal patterns
of introduction of alien
plants species into Puerto
Rico and the Virgin Islands
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suggested that alien plants are most likely to become
established in disturbed habitats rather than in pristine
habitats (Sher and Hyatt 1999; Davis et al. 2000). In
the case of PRVI, factors such as land-use change,
high human population densities and high urban
development have induced some of the major altera-
tions in the landscape creating a vast number of open
and degraded areas. These areas are characterized by
harsh environmental conditions (i.e., high tempera-
tures, low humidity, highly compacted soils), which
may be preventing the colonization by native pioneers
(Birdsey and Weaver 1987; Lugo 2004). Additionally,
high disturbance rates and human activities impose
higher propagule pressures and consequently facili-
tating colonization and invasion processes (Rejma´nek
2000; Pysˇek and Richardson 2006; Richardson and
Pysˇek 2012). In fact, early successional stages in
abandoned and degraded fields in Puerto Rico are
mostly dominated by alien plant species (Lugo 2004).
The alien flora in PRVI is very diverse and includes
a wide range of taxonomic groups. Poaceae and
Fabaceae are the families with the highest numbers of
naturalized and invasive species, a fact that is not
surprising since these two families are among the more
diverse plant families of the world as well as among
other Caribbean floras (Acevedo-Rodrı´guez and
Strong 2012). In PRVI, most of the Poaceae species
listed as naturalized and invasive come from aban-
doned pastures where they were intentionally intro-
duced to support cattle activities (Williams and
Fig. 4 Classification of the
alien flora of Puerto Rico
and the Virgin Islands
considering: a habitat
strategy and b its occurrence
in different life zones. Note
that some species can occur
in more than one category
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Baruch 2000). Similarly, most of the Fabaceae species
comes from active and abandoned agro-forestry
systems where they were primarily introduced to be
used as nitrogen-fixers, fodder and ornamentals
(Daehler 1998; Richardson and Rejma´nek 2011).
The life forms of the alien flora in PRVI are very
diverse and are characterized by a high proportion
of perennial herbs and grasses. Herbs and grasses
account for 41 % of all alien species and for 52 %
of all species listed as invasive on these islands.
This pattern of dominance of herbaceous growth
forms has been observed in other alien floras in the
Caribbean as well as in other tropical and extra-
tropical islands (Lloret et al. 2005; Denslow et al.
2009; Arianoutsou et al. 2010; Gonza´lez et al.
2012). One interesting result of this study is the high
proportion of alien trees and shrubs occurring in
PRVI. Together these life-forms account for 42.4 %
of all alien species and for 28.2 % of all species
listed as invasive. Until recently, alien trees and
shrubs have not been perceived as problematic
species mainly because most of them were intro-
duced to provide some type of economic-services
(i.e., forestry and ornamentals). However, recent
studies have shown that alien trees and shrubs are
among the most conspicuous and damaging invasive
species worldwide (Pysˇek et al. 2009, Richardson
and Rejma´nek 2011). In the case of Puerto Rico, a
contrasting opinion presents some alien tree species
(i.e., Spathodea campanulata and Erythrina poepi-
giana) as pioneers featuring important ecological
functions restoring forest cover and biodiversity at
highly degraded sites (Lugo 2004). In PRVI some of
the most widespread and damaging invasive trees
and shrubs are Albizia lebbeck, Leucaena leucocep-
hala, Pinus caribaea, Spathodea campanulata,
Syzygium jambos, Tabebuia rosea and Terminalia
catappa. At present, none of these species are being




Parameters related to invasion history, habitat prefer-
ences and species biological traits were found to
influence the probability of alien species to become
naturalized and invasive in PRVI. Our data also
showed that most parameters influencing the proba-
bility of becoming naturalized are different from those
influencing the probability of becoming invasive.
Similar patterns have been reported for tropical and
extra-tropical alien floras where different sets of
parameters are associated with naturalization or inva-
sion success (Lloret et al. 2005, Pysˇek and Richardson
2007; Milbau and Stout 2008; Dawson et al. 2009;
Pysˇek et al. 2012). For PRVI, we found a positive
correlation between the year of introduction in the
wild and the likelihood of becoming naturalized. The
likelihood of alien species of becoming naturalized
increases with the residence time because the longer a
species is present in a specific region, the more
propagules it is able to produce and disperse (Re-
jma´nek et al. 2005; Richardson and Pysˇek 2006; Pysˇek
et al. 2011). In addition, the likelihood for evolution-
ary adjustments (essential for successful establishment
Table 3 Parameters included in the best-fit models explaining
the successful probability of alien plant species of becoming
naturalized and invasive in Puerto Rico and the Virgin Islands
Parameters Estimates SE P Odds
ratios
Transition from casual to naturalized
Intercept 6.087 5.054 0.029
Year of introduction -0.017 0.325 0.001 0.983
Introduced for
horticulture
0.598 0.275 0.003 1.819
Native range 1.279 0.354 0.014 3.592
Habitat strategy (semi-
natural)
1.868 0.811 0.001 6.478
Breeding system
(mixed)
0.323 0.191 0.002 1.382
Transition from naturalized to invasive
Intercept 32.472 3.743 \0.001
Introduced for
horticulture
2.797 0.798 \0.001 16.402
Life zones incidence 1.048 0.537 \0.001 2.852
Economic weed 1.217 0.674 0.008 3.375
Habitat strategy
(ruderal)
0.830 0.278 0.002 2.292
Reproduction type
(hermaphrodite)
1.106 0.399 0.005 3.021
Breeding system
(mixed)
1.081 0.415 0.001 2.947
Seed size ([5 mm) -0.532 0.268 0.041 0.587
Vegetative
propagation
0.886 0.255 \0.001 2.423
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in highly stochastic environments such as human-
disturbed landscapes) may increase with residence
time (Mack et al. 2000).
Introduction for horticultural purposes is a parameter
found to be important for both naturalization and
invasion processes. This parameter is associated with
repeated introductions and secondary release of popular
species which are processes that may increase the influx
of alien propagules and the chances of becoming
naturalized and invasive (Mack and Lonsdale 2001;
Reichard and White 2001; Milbau and Stout 2008;
Pemberton and Liu 2009). For instance, 74 % of the
species listed as weeds in New Zealand originated as
ornamentals and most of the worst environmental weeds
in Hawaii were originally horticultural introductions
(Buddenhagen et al. 1998; Daehler and Carino 1999). In
PRVI, our data show that more than half of alien species
have been intentionally introduced for horticulture.
Under the current scenario of economic globalization,
the dispersal of cultivated plants is promoted and easily
achieved even from remote locations. Prevailing eco-
nomic development in PRVI together with dynamic
import markets, high population densities and high
urban development, are factors facilitating the influx of
alien species, increasing propagule pressure and lastly
increasing the likelihood of becoming naturalized or
invasive (Denslow et al. 2009; Kueffer et al. 2010).
Our results also show that the probability of alien
species of becoming naturalized was positively corre-
lated with the size of their native distribution range.
Similar results have been found in North America,
Central Europe and South Africa where many of the
naturalized species have large natural distribution
ranges (Rejma´nek 1996; Thuiller et al. 2005; Cadotte
et al. 2006; Pysˇek et al. 2009). This correlation may
respond to the fact that species with large distribution
ranges may have tolerance to a wide range of
environmental conditions, use a broad spectrum of
resources and resist a large number of potential
enemies (Pysˇek and Richardson 2006).
Among the reproductive traits, hermaphroditism
and mixed breeding system were most significant in
increasing the likelihood of an alien species of
becoming naturalized and invasive. In new habitats
where pollen vectors can be limited or absent,
facultative selfing could be crucial for the successful
invasion of insular ecosystems as they are often
characterized by depauperate pollinator communities
(Barrett et al. 1996; Lloret et al. 2005; Denslow et al.
2009). In this context, while selfing may ensure
reproductive success when pollen vectors are limited,
outcrossing may enhance genetic variability and thus
increase the probability of adaptation to new habitats
(Milbau and Stout 2008).
Regarding the environmental parameters, we found
that alien species are more likely to become invasive if
they grow in ruderal areas and produce small seeds
(Kolar and Lodge 2001). Species with small seeds are
often light-demanding and require bare substrates in
order to germinate and become established (Pysˇek and
Richardson 2007). Species with small seeds are com-
monly associated with disturbed areas and high seed
output, that can be easily dispersed by wind or water and
can remain viable in the soil for long periods (Thompson
et al. 1993). In PRVI, these two traits appear to correlate
with disturbances and human activities Alternatively,
studies addressing the effect of seed size and invasion
success do not entirely support our findings as much
variation is shown in their results (Lloret et al. 2005;
Cadotte et al. 2006; Dawson et al. 2009).
Overall, our results suggest that particular trait
combinations linked to the naturalization and invasion
success of alien species are not universal and their
relevance may vary among different habitats and
geographical conditions as well throughout the spread-
ing, colonization and invasion processes (Mack et al.
2000; Rejma´nek 2000; Ku¨ster et al. 2008; Pysˇek et al.
2009). In PRVI there is a lack of effective policies and
protocols to prevent the introduction of alien plants and
to control those that are already invasive. Our study
should allow managers and lawmakers to target poten-
tially invasive species before they start to exert impact
on ecosystems and economies on these islands. Even
when the ability to accurately predict species invasive-
ness will not be accomplished by a single study, the
results presented here could be a starting point.
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